Abstract In this study, pulped cellulose fibres were pre-treated with aqueous morpholine prior to mechanical disruption in the production of cellulose nanofibrils (CNF). The properties of the morpholine pretreated CNF (MCNF) were closely compared with CNF obtained from carboxymethylation (CMCNF) and TEMPO-oxidation (TCNF) pre-treatment methods. An investigation of the swelling behaviours of cellulose in varying concentrations of morpholine revealed that there is a synergistic behaviour between morpholine and water in its ability to swell cellulose. As a result, cellulose pulp dispersed in 1:1 mole ratio of morpholine to water was well swollen and readily fibrillated by mechanical shear. Surface chemistry analyses indicated that the surface of the MCNF remained unmodified, compared to the CMCNF and TCNF which were modified with anionic groups. This resulted in only a slight decrease in crystallinity index and a minimal effect on the thermal stability of MCNF, compared to CMCNF and TCNF which showed marked decreases in crystallinity indices and thermal stabilities. The average widths of MCNF, CMCNF and TCNF, as measured from electron microscopic images, were broadly similar. The higher polydispersity of MCNF widths however led to a differential sedimentation and subsequent lower aspect ratio in comparison with CMCNF and TCNF as estimated using the sedimentation approach. Also, the presence of electrostatic repulsive forces, physical interactions/ entanglements and lower rigidity threshold of the CMCNF and TCNF resulted in higher storage moduli compared to the MCNF, whose elasticity is controlled by physical interactions and entanglements. Aqueous morpholine pre-treatment can potentially be regarded as an ecologically sustainable process for unmodified CNF production, since the chemical reagent is not consumed and can be recovered and reused.
Introduction
Cellulose nanofibrils (CNF), alongside cellulose nanocrystals and bacterial nanocellulose, are the three types of nanocellulose that have been identified in literature (Abdul Khalil et al. 2014; Bharimalla et al. 2015; Jonoobi et al. 2015; Klemm et al. 2011; Lavoine et al. 2012; Nechyporchuk et al. 2016a; Siró and Plackett 2010) . CNF can be derived from cellulose fibres by a combination of mechanical, enzymatic, and chemical pre-treatment steps prior to mechanical processing (Nechyporchuk et al. 2016a ). There has been considerable industrial and research interest in the use of CNF in a wide range of applications, such as in biomedicine (Guise and Fangueiro 2016; Lin and Dufresne 2014) , automotive exteriors and interiors (Faruk et al. 2014) , packaging materials (Ferrer et al. 2017; Li et al. 2015) and electronic devices (Du et al. 2017; Shi et al. 2013 ). This wide usage arises because of their renewability, biocompatibility and biodegradation potentials coupled with improved mechanical strength, lightweight properties, optical properties, barrier properties and structuring capabilities (Abdul Khalil et al. 2014; Bharimalla et al. 2015; Jonoobi et al. 2015; Klemm et al. 2011; Lavoine et al. 2012; Siró and Plackett 2010) . Moreover, the cellulose starting material, which is the most abundant polymer on earth, provides potential for sustainable low-cost products.
The presence of 3 hydroxyl groups on each b-Danhydroglucopyranose repeat unit of cellulose (French 2017) brings about intramolecular, intermolecular and hydrophobic forces that must be overcome, usually by any method that induces fibre swelling, in order to open up the cellulose structure and more easily liberate the nano-sized fibrils within (Nechyporchuk et al. 2016a) . Water has been the most used swelling agent for cellulose, hence the first reported method for the production of CNF involved the dispersion of cellulose fibre in aqueous medium to prepare a slurry (Turbak et al. 1983a, b) . The slurry was delaminated into microfibrils via homogenisation under high pressure and high shear velocity, a process made possible by the increase in water-dependent swelling of the initial cellulose fibres. If discrete monodisperse nanofibrils were to be produced however, the homogenisation process must be repeated for up to 20-50 times (Spence et al. 2011; Taheri and Samyn 2016) , thereby leading to high energy consumption with prohibitive costs.
In order to reduce this high energy consumption, various pre-treatment methods have been studied and reviewed. These could be categorised into mechanical processes (e.g. beating, refining, milling) (Spence et al. 2011) , enzymatic pre-treatment (Pääkkö et al. 2007) , and chemical pre-treatments. Mechanical processes or enzymatic pre-treatments do not lead to surface modification of cellulose fibres. Some of the chemical pre-treatment methods that have been investigated include carboxymethylation (Naderi et al. 2014; Wågberg et al. 2008) , 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation (Isogai et al. 2011; Saito and Isogai 2004; Saito et al. 2007 ), periodate-chlorite oxidation (Liimatainen et al. 2012) , periodate-bisulphite treatment (Liimatainen et al. 2013 ) and quaternisation (Abbott et al. 2006; Aulin et al. 2010) . These are all aimed at substituting the hydroxyl groups on cellulose with either negatively charged or positively charged moieties. It has been shown that the presence of the charged groups bring about electrostatic repulsion and fibre swelling which reduces the effect of hydrogen bonding and hydrophobic interactions, thereby easing fibrillation (Nechyporchuk et al. 2016a ). In addition, a multicomponent microemulsion system containing either urea or ethylenediamine was used to ease the delamination of cellulose and lignocellulosic fibres (Carrillo et al. 2014) . The authors attributed the reduction in energy demand for CNF production to the ability of the microemulsion system to reduce the hydrogen bonding effect on cellulose. However, the effect of this treatment on the surface functionality of the resulting CNF was not studied. Switchable ionic liquid has also been used with the same aim of facilitating cellulose delamination into CNF material (Berglund et al. 2017) .
These chemical pre-treatment methods often lead to reduction in crystallinity index and thermal stabilities of the resulting CNF (Fukuzumi et al. 2010; Lavoine et al. 2016) . For example, Eyholzer et al. (2010) showed a 31% decrease in crystallinity index of CNF after carboxymethylation pre-treatment followed by mechanical processing. This reduction in crystallinity index could potentially affect the reinforcing capability when used in composite materials. Another major concern with these chemical pre-treatments is the consumption of large amounts of associated chemicals, which show minimal potential for recycling, and are often associated with high cost. Indeed, efforts have been made to recover hypochlorite and TEMPO from the reaction mixtures by electrolysis and solid phase extraction (Kuutti et al. 2016) . However, the inclusion of such recycling lines to the main production line may come at an extra cost and so striking the right balance between recycling of chemicals and use of fresh chemicals becomes imperative. Otherwise, the overall cost of the pre-treatment process could nullify any benefits accrued from a reduction in energy consumption (Bharimalla et al. 2015) .
Depending on the intended application of the CNF, a post modification process may be required to impart various surface functionalities to the CNF or to graft the CNF onto a polymer matrix (Missoum et al. 2013) . Chemical pre-treatment methods which modify the surface of CNF with either positive or negative charges are most suitable for post-modification by adsorption with molecules having complementary charges (Missoum et al. 2013) . Therefore, having a CNF starting material whose surface is uncharged would allow for the attachment of different functionalities, using the cellulose hydroxyl groups to provide reactive sites for modification (Deng et al. 2016; Eyley and Thielemans 2014; Missoum et al. 2013 ).
Morpholine (C 4 H 9 NO) is an organic solvent which is completely miscible with water. Betrabet, Lokhande and co-workers investigated the use of aqueous morpholine and other amines as swelling agents for cotton to increase its dye uptake (Betrabet et al. 1966; Betrabet and Rollins 1970; Kulkarni and Lokhande 1975; Lokhande 1978; Lokhande et al. 1984) . They observed that aqueous morpholine can swell cotton cellulose without changing its density, crystallinity index and tensile strength (Betrabet et al. 1966; Betrabet and Rollins 1970) . It was then concluded that morpholine is an inter-crystalline swelling agent, which can access the disordered regions of cellulose without bringing about any derivatisation. Likewise, Paul and Teli (2011) reported an increase in the ability of enzymes to access cellulose when treated with 40% aqueous morpholine compared to the untreated cellulose (Paul and Teli 2011) . In a Patent by Graveson and English (2015) , morpholine was one of the swelling agents used to facilitate the fibrillation of cellulose to produce cellulose nanofibrils. However, it is not clear how the properties of the CNF produced by the morpholine pre-treatment compare to the properties of CNF from other chemical pre-treatments.
In this study, the properties of cellulose nanofibrils produced after aqueous morpholine pre-treatment were investigated and compared with the properties of carboxymethylated and TEMPO-oxidised cellulose nanofibrils. The swelling behaviour of cellulose in various concentrations of morpholine in water was initially studied by swelling experiments to determine the extent of swelling and to identify the optimum concentration range. The possible surface modification of the cellulose after the pre-treatments was investigated by conductometric titration and Fourier transform infrared spectroscopy (FTIR). Changes in crystallinity index and thermal stability as a result of the chemical pre-treatment and mechanical processing were examined by X-ray diffraction (XRD) and thermogravimetric analysis (TGA). Field emission scanning electron microscopic (FE-SEM) images and transmission electron microscopic (TEM) images were used for the assessment of fibril widths and morphology. The estimation of aspect ratio by connectivity threshold analysis using sedimentation, which has been applied on uncharged CNFs (Raj et al. 2016; Varanasi et al. 2013; Zhang et al. 2012 ) was extended to CNF with surface charges, by taking advantage of the screening effect of salt medium on charged CNF. Finally, the viscoelastic properties of the aqueous suspensions of the CNFs were studied.
Experimental

Materials
Commercial grade of never-dried hardwood bleached sulphite cellulose pulp (32 wt% solid content) was received from Sappi Ltd (South Africa) and used for all the pre-treatments. Microcrystalline cellulose (MCC, Avicel PH-101), morpholine, monochloroacetic acid, sodium hydroxide (NaOH), Isopropanol, ethanol, methanol, acetic acid, sodium bicarbonate (NaHCO 3 ), hydrogen chloride (HCl), sodium chloride (NaCl) were all analytical grade and used as received from Sigma Aldrich (United Kingdom). Ultrapure water (Purelab Option-Q ELGA DV 25) was used throughout the experiments.
Morpholine pre-treatment
Swelling study
A swelling study was first carried out on MCC using varying concentrations of aqueous morpholine to observe the swelling behaviour of the microcrystalline cellulose. 9 mL of morpholine swelling agent with varying concentrations in mole fraction was added to Cellulose (2018 Cellulose ( ) 25:1047 Cellulose ( -1064 Cellulose ( 1049 1 g of MCC in individual 15 mL glass vial. The resulting dispersions were shaken vigorously and allowed to equilibrate for 24 h before photographs were captured using a Sony HX60 digital camera. The heights of the swollen cellulose and the total heights of the dispersion were measured using ImageJ software. The relative height of the swollen cellulose and the swelling index, which facilitates comparison relative to swelling in pure water, were calculated using the relationships below.
here h r is relative height of cellulose, h c is height of cellulose, h 0 is total height of dispersion and SI is the swelling index. An average of three experiments was used to plot the mole fraction of morpholine to water against the swelling index of MCC.
Production of CNF from morpholine pre-treatment
Never-dried cellulose pulp was dispersed in 1:1 mole ratio or 0.5 mole fraction of morpholine to water (83 wt%) using T25 digital Ultra Turrax disperser (Ika, Germany) for 10 min at 10,000 rpm to make a 1 wt% slurry. The slurry was allowed to swell for 168 h, after which it was passed 5 times through the 200 lm auxiliary chamber and 100 lm Z-shaped interaction chamber of the M-110EH high pressure homogeniser (Microfluidics, USA) at 172.4 MPa. The fibrillated cellulose in aqueous morpholine was washed by 10 centrifugation cycles at 10,000 rpm and 15 min per cycle. The first supernatant obtained from centrifugation (purely aqueous morpholine swelling agent) can potentially be used for another swelling regime. A 1 wt% aqueous dispersion of the fibrillated cellulose was passed once through the 200 lm auxiliary chamber of the high pressure homogeniser to effectively disperse the fibril aggregates caused by centrifugation. The resulting CNF, herein called MCNF was stored in the refrigerator, whilst a small proportion was freeze-dried (VirTis benchtop freeze dryer, SP Scientific, USA).
Carboxymethylation and TEMPO-oxidation pretreatments
Carboxymethylation was carried out on the neverdried cellulose pulp using the procedures described by Wågberg et al. (2008) , while the general procedure described by Saito and Isogai (2004) for TEMPOoxidation was adopted using the same starting material. Aqueous dispersions (1 wt%) of the carboxymethylated and TEMPO-oxidised cellulose were prepared from the insoluble cellulose, in sodium form, obtained after the pre-treatments and passed 5 times through the high pressure homogeniser using the same conditions as with the morpholine pre-treatment. The resulting CNFs, herein called CMCNF for the carboxymethylated CNF and TCNF for the TEMPOoxidised CNF were stored in the refrigerator, whilst small proportions were freeze-dried. All samples were characterised at 1 wt% solid content in aqueous media or freeze dried, except where stated otherwise.
Total surface charge determination
The total surface charge of the never-dried cellulose, morpholine pre-treated cellulose and carboxymethylated cellulose were determined by conductometric titration according to the SCAN-CM 65:02 method (Total acidic group content 2002). In summary, cellulose samples were each dispersed in 0.1 M HCl and allowed to stand for 15 min before being washed until the conductivity was less than 5 lS/cm. Then 490 mL of ultrapure water and 10 mL of 0.05 M NaCl were added to 0.5-1 g dry weight of cellulose pulp in a beaker. This was stirred thoroughly using a magnetic stirrer and titrated against 0.05 M NaOH. The total surface charge on the TEMPO-oxidised cellulose was measured using the method described by Saito and Isogai (2004) . The total surface charge was determined from the analysis of the conductivity curve using OriginPro 2017 software (OriginLab Corporation, USA).
Fourier transform infrared spectroscopy (FTIR) analysis
The surface chemistry of the cellulose pulp starting material and the pre-treated cellulose were analysed from freeze-dried sample using Spectrum 100 FTIR (Pelkin Elmer, USA) in the ATR mode. Spectral data was collected after 8 scans from 4000 to 450 cm -1 wavenumber.
X-ray diffraction (XRD)
The impact of the pre-treatments and mechanical treatment on the cellulose was investigated by crystallinity index measurement collected from X-ray diffractograms of the freeze-dried samples. The samples were measured in reflection mode, using a vertical h-h Bragg-Brentano diffractometer D5000 (Siemens Bruker, Gmbh) with Cu Ka X-ray source. 2h scans were performed from 5°to 50°, in 0.05°increments, with rotation of the holders about the phi axis. Cellulose crystallinities were determined by subtracting an amorphous background from the samples' XRD profiles. The crystallinity indices (CrI) were calculated using Eq. 3.
where I 200 is the maximum intensity at 2h = 22.5°, corresponding to the (200) diffraction lattice, and I am is the intensity of the amorphous region with diffraction angle of 2h = 18.5°.
Thermogravimetric analysis (TGA)
Freeze-dried cellulose starting material and the pretreated CNFs were thermogravimetrically analysed using Mettler Toledo TGA/DSC1 Star System (Mettler Toledo, Switzerland). 8 to 8.5 mg of samples were heated from 25 to 600°C at a constant heating rate of 10°C/min under a constant nitrogen flow of 80 mL/ min.
Morphological assessments FE-SEM micrographs were acquired from all the pretreated samples using FE-SEM S-4800 (Hitachi, Japan). Prior to analysis, 20 lL of 0.0005 wt% slurry was deposited on the mica surface on the SEM stub and left overnight to air dry. This was sputter coated with a layer of gold for 85 s using EMITECH K550X (Quorumtech, UK) gold sputter coater. TEM images were acquired at 80 kV using Zeiss Leo EM900 (Carl Zeiss, AG) after staining 0.01 wt% CNF samples with 1.5% phosphostungstic acid and air dried for 24 h. The fibril widths from both FE-SEM and TEM images of all the pre-treated CNFs were measured using ImageJ software. Fibril width distributions were obtained from measurements on at least 150 fibrils.
Sedimentation
The theory, methods and equations for the determination and calculation of connectivity threshold (U c ) and rigidity threshold of CNF from sedimentation experiments have been well described by Zhang et al. (2012) , Varanasi et al. (2013) and Raj et al. (2016) . The connectivity threshold is defined as ''the boundary between the dilute and semi-dilute regions, the lowest volume fraction where the particles first form a continuous network'' (Varanasi et al. 2013 ). The connectivity threshold can be determined experimentally by fitting the plot of initial concentration of CNF vs relative sediment height with a quadratic regression, where the linear term of the regression is equivalent to the connectivity threshold (Zhang et al. 2012) . The rigidity threshold on the other hand is the boundary between the semi-dilute and concentrated regions, the threshold at which the fibres first begin to contribute to mechanical strength. The rigidity threshold is 4 times the connectivity threshold (Celzard et al. 2009; Varanasi et al. 2013 ).
Prior to the sedimentation experiments, all the pretreated samples were dispersed in a range of 0 to 4 M NaCl at 0.07 w/v %. This was done to identify the effect of salt medium on the pre-treated samples and to examine the charge screening potentials of different concentrations of salt on CMCNF and TCNF. Subsequently, 2 and 3 M NaCl solution was chosen as the medium for the sedimentation of the CMCNF and TCNF samples respectively. These salt concentrations represent an average salt concentration where a plateau in the relative sediment heights were attained. The morpholine pre-treated sample was prepared in aqueous medium as the different salt concentrations showed no difference in the relative sediment height. Suspensions for sedimentation were prepared from 1 wt% original aqueous suspensions of the CNF samples between solid concentrations of 0.01-0.1 wt%. These were allowed to sediment in 60 mL glass vials for 96 h before photographs were captured. The sediment heights (h s ) and the initial suspension heights (h 0 ) were measured using ImageJ software from the photographic images. The plot of concentration (wt%) against the relative sediment height (h s /h 0 ) was fitted with the quadratic equation (ax 2 ? bx), where the linear fit parameter b, is equal to the connectivity threshold (Zhang et al. 2012) .
Using the densities of water (1 g/cm 3 ), 1.83 M NaCl (1.07 g/cm 3 ), 3.06 M NaCl (1.11 g/cm 3 ) and cellulose (1.5 g/cm 3 ), weight fractions were converted to volume fractions using Eq. 4 since U ( 1. The aspect ratios were then estimated from the crowding number theory (CNT) and the effective medium theory (EMT) using Eqs. 5 and 6 respectively, as adopted by Varanasi et al. (2013) and Zhang et al. (2012) for CNF materials.
A ¼ 2:52U
here U is the volume fraction, q l is the density of liquid, q f is the density of fibre, C is the weight fraction (g of fibre/g of suspension), A is the aspect ratio, U c is the connectivity threshold in volume fraction.
Rheological analysis
Rheological measurements were conducted on all the pre-treated samples to investigate the linear viscoelastic properties of aqueous suspensions of the resulting CNFs. The depletion of particles in suspension from the geometry wall during rheological measurements, known as wall slip, has been shown to be predominant when cone and plate, or plate and plate, geometries are used (Nechyporchuk et al. 2016b) . In order to avoid wall slip during the rheological measurements of the CNF suspensions, a serrated concentric cylinder geometry (24 mm inner and 26 mm outer diameters) was used on AR-G2 rheometer (TA instruments, USA). A peak hold experiment was first carried out for 100 s at 100 s -1 strain rate to clear the sample history and effects of sample loading, ensuring that the samples tested all had similar starting 'states' and shear history. This was followed by a time sweep, where the temporal evolution of storage modulus (G 0 , the elastic component) was observed. The duration of the time sweep was carried out up to an equilibrium state where the change in G 0 does not experience a 2% change over 100 s. This criterion was to ensure that there was minimal change in material properties occurring during the 100 s experimental duration required for amplitude and frequency sweeps. An amplitude sweep was then conducted to determine the linear viscoelastic region (LVR). This is the region where the microstructural response, and associated viscoelastic properties, of a material are independent of the degree of deformation imposed (Barnes 2000; Goodwin and Hughes 2008) . The critical strain was determined from the amplitude sweep as the strain value at the end point of the LVR before non-linearity in material response sets in (Goodwin and Hughes 2008) . The material structure was allowed to recover through another peak hold and time sweep experiments before the frequency sweeps were carried out. Covers were used throughout the experiments to minimise water evaporation from the samples.
Results and discussion
Swelling studies and CNF production from morpholine pre-treated cellulose Cellulose fibre swelling is desired to facilitate fibre fibrillation and to reduce the energy cost demand on CNF production. The swelling potential of morpholine on cellulose in different aqueous molar fractions was investigated in this study. A nonlinear relationship can be seen to exist between the mole fraction of morpholine to water and the swelling index of MCC as shown in Fig. 1 . The swelling index of MCC increased up to a maximum at 0.7 mole fraction (91 wt%) before a decline was observed. It is worth noting that morpholine-water mixtures exhibit similar nonlinear relationships with regards to specific gravity, viscosity, and depression in freezing point, with maxima/minima observed at varying concentrations of morpholine with water (Huntsman 2005). Therefore, there is a synergistic relationship between morpholine and water, which is observed in its ability to swell MCC at various aqueous morpholine concentrations. Indeed, there is a 13% increase in the swelling index from 0.5 to 0.7 mole fraction (83-91 wt%). However, this difference may not significantly affect the properties of the CNF on a large scale. Moreover, the flashpoint of morpholine at 83 wt% is higher than that of 91 wt% and may not require fire proofed processing equipment (HSE 2013). Henceforth, results discussed herein are for CNF pre-treated with 83 wt% morpholine.
The clogging of the interaction chamber during high pressure processing is one of the challenges frequently encountered during fibrillation of nonpretreated cellulose (Pääkkö et al. 2007 ), hence the various mechanical and chemical pre-treatments employed to ease fibrillation. Morpholine pre-treatment, just like the carboxymethylation and TEMPOoxidation pre-treatments, was able to effectively swell the cellulose fibres, thereby facilitating the processing of these fibres into nanofibrils and eliminating down time due to interaction chamber clogging issues.
Regarding the energy consumption associated with the mechanical processing using the Microfluidiser, there is no agreement on the methodology used for the calculation of energy consumption in literature. Spence et al. (2011) and Panagiotou et al. (2009) mentioned the energy calculations were provided by Microfluidics Inc. but the details of the calculations were not given. An attempt was made by Luo et al. (2010) to calculate the energy consumed for the largescale production of single walled carbon nanotubes using the Microfluidiser by applying a flawed equation, where the energy consumption is dependent on the square of volume. Moreover, the turbulent energy dissipation rate (e), cannot be considered a constant as they stated, but is a function of the processing conditions. The correct form of the equation is given in Eq. 7.
where E m is the total energy consumed, e is the turbulent energy dissipation rate, V is the volume processed, q is the density of the dispersion and t res is the residence time.
On the other hand, the equation provided by Ankerfors (2012) as shown in Eq. 8, based on the transport phenomena-the Bernouli equation, relates the energy consumption to the pressure drop in the Microfluidiser.
where q is the density of the dispersion, p 2 is the atmospheric pressure, p 1 is the processing pressure and w pump is the work performed. Equation 8 therefore allows for a comparison of the energy consumption across literature, since most of the work conducted using the Microfluidiser state the processing conditions. It is interesting to note how the pressure drop in Eq. 8 is related to the inverse of density. In other words, processing of cellulose in a solvent of higher density should result in a reduced energy consumption, for a fixed pressure drop. Morpholine exhibits a near maximum density of 1.033 g/ cm 3 at the concentration used in this study (Huntsman 2005) and therefore should have a reduced energy demand compared to the carboxymethylated and TEMPO oxidised cellulose processed in water, at the same processing conditions. However, the true cost of production is dependent not only on the energy requirements of the processing conditions but also on the operating costs associated with the equipment.
Surface charge analysis
The effect of the pre-treatments on the total surface charge of the cellulose was studied by conductometric titration and the results obtained from the analysis of the conductometric curves are tabulated in Table 1 . On comparing the surface charge of the cellulose starting material with the morpholine pre-treated cellulose (30 and 37 lmol/g respectively), the morpholine pre-treatment did not significantly modify the surface of the cellulose. On the other hand, the carboxymethylation and TEMPO oxidation pre-treatments are known to impact negatively charged Fig. 1 The relationship between swelling index and mole fraction of morpholine to water, and photographic insert of swelling Cellulose (2018) 25:1047-1064 1053 carboxymethyl (CH 2 COO -) and carboxyl (COO -) groups respectively to the surface of the cellulose fibre.
The total surface charge for the carboxymethylated CNF is lower than that of the TEMPO-oxidised CNF for the experimental conditions applied. These results are within literature reported values of 515-610 lmol/ g for carboxymethylated cellulose (Naderi et al. 2014; Siró et al. 2011; Wågberg et al. 2008 ) and 500-1500 lmol/g for TEMPO-oxidised CNF (Benhamou et al. 2014; Fukuzumi et al. 2009 ). The differences in the starting material, amount of reagent, time of reaction, temperature and pH contribute to the variations in total charged groups reported in literature. These variations in total charged groups often result in differences in the CNF material properties, thereby making comparison of results across literature difficult.
Surface chemistry from FTIR analysis
In addition to the surface charge analysis by conductometry, the effect of the pre-treatments on the cellulose fibre surface chemistry was probed using FTIR spectroscopy. The overlay of the spectrum of the original cellulose starting material and the pre-treated CNFs is shown in Fig. 2 . Three common peaks can be identified from the original cellulose and the pretreated cellulose. These are the peaks within 3335-3338 cm -1 , assigned to O-H stretching, 2896-2902 cm -1 , assigned to C-H stretching and 1019 cm -1 -1029 cm -1 , assigned to C-O stretching. The peak observed at 1592 and 1603 cm -1 were assigned to COO -stretching in sodium form (Eyholzer et al. 2010) . These latter peaks prove the attachment of carboxymethyl and carboxyl groups respectively. It can also be seen that the spectrum and peaks of the morpholine pre-treated CNF clearly overlaps the original cellulose. This shows that no surface modification had taken place after the morpholine pre-treatment as also observed from conductometric titration analysis.
Effect of chemical pre-treatments and mechanical processing on cellulose nanofibrils' crystallinity
The crystallinity index of cellulose has been shown to be affected by chemical and mechanical interventions (Eyholzer et al. 2010; Jonoobi et al. 2015; Taheri and Samyn 2016; Tian et al. 2016) . The effects of the chemical pre-treatments and mechanical processing on the resulting CNF materials were investigated using X-ray diffraction. The crystallinity indices of the pre-treated and mechanically fibrillated CNFs are displayed in Table 1 while the overlay of the crystallograms is shown in Fig. 3 . All the chemical pretreatments processes used in this study preserved the native cellulose I structure of the fibres. A minor reduction in the intensity of the (1-10)/(110) and (200) crystallographic planes can be identified for MCNF in comparison to those observed for CMCNF and TCNF. Reduction in the intensities of these planes have been shown to be associated with high degree of chemical and mechanical processing (Eyholzer et al. 2010; Su . 2015) . Also, the morpholine pre-treatment process did not lead to a marked reduction in crystallinity index and the 13% decrease observed in comparison to the starting pulp can be attributed to the impact of mechanical shearing (Eyholzer et al. 2010; Taheri and Samyn 2016; Tian et al. 2016 ). This result is broadly consistent with the surface chemistry analysis reported in previous studies where morpholine was shown not to affect the crystallinity index of cellulose but to only act as an inter-crystalline swelling agent (Betrabet et al. 1966; Betrabet and Rollins 1970; Lokhande 1978; Lokhande et al. 1984) . In contrast, the carboxymethylation pre-treatment process, coupled with mechanical shearing, led to a 35% decrease in the crystallinity index of CMCNF compared with the starting cellulose pulp. This observation is similar to that of Eyholzer et al. (2010) whose CNF sample showed a 31% decrease in crystallinity index after carboxymethylation followed by mechanical homogenisation. However, another study reported no reduction in the crystallinity of carboxymethylated CNF films after multiple homogenisation steps (Siró et al. 2011 ). This latter report omitted to note the crystallinity of the starting cellulose material to allow for a clearer comparison to be made. The percentage decrease in the crystallinity index of TCNF with respect to the cellulose starting material was however 28%. This smaller reduction in the crystallinity index of TCNF in comparison with CMCNF can be attributed to the selective oxidation of the hydroxyl group on C6 carbon alone (Isogai et al. 2011 ). The carboxymethylation process on the other hand, being non-selective, can access the hydroxyl groups on carbon C2, C3 and C6, thereby leading to the observed reduction in crystallinity index (Eyholzer et al. 2010 ).
Effect of chemical pre-treatments and mechanical processing on cellulose nanofibrils' thermal stability An understanding of the thermal integrity of CNF materials that may be incorporated as reinforcements in the melt processing of polymer materials is important (Qua et al. 2011) . The thermal stabilities of CNF materials can be affected by the pre-treatments and processing conditions and are often directly related to crystallinity. Possible changes in thermal stabilities of the CNF materials were investigated by thermogravimetric analysis. For the sake of clarity, the initial weight loss occurring below 100°C because of moisture desorption was not included in the TGA and derivative thermogravimetric (DTG) curves of the pre-treated samples shown in Fig. 4 .
The CNF obtained after the morpholine pre-treatment process retained its thermal integrity. This can be seen from the overlap of the TGA and DTG curves of MCNF with that of cellulose pulp, as shown in Fig. 4A and B respectively. This result also agrees with the results obtained from surface charge analysis, FTIR and XRD measurements. On the other hand, a lower peak degradation temperature was observed for the CMCNF and much lower peak degradation temperature for the TCNF, when these samples are compared with the cellulose pulp. This is as a result of the presence of sodium carboxymethyl functional group, which has been shown to catalyse the degradation of carboxymethyl cellulose (de Britto and Assis 2009). As mentioned at the beginning of this section, increase or decrease in crystallinity index is expected to be directly related to the thermal integrity of a polymer material. This was not the case however for TCNF, though it had a slightly higher crystallinity index than CMCNF. The presence of sodium anhydroglucuronate units on the surface of TCNF led to the early degradation peak observed at 247°C (Fukuzumi et al. 2010; Lavoine et al. 2016; Sharma and Varma 2014) . The rest of the unmodified portions of TCNF are then seen to degrade at a higher temperature of 301°C. Cellulose nanofibril morphology
Field emission scanning electron microscopic images and the fibril width distributions of all the CNFs are shown in Fig. 5 . The respective average fibril width from the FE-SEM images of MCNF, CMCNF and TCNF are 15 ± 11 nm, 11 ± 3 nm and 9 ± 2 nm. It can be seen from the fibril width distribution that the morpholine pre-treated CNF had a more polydisperse fibril width distribution in comparison to the carboxymethylated CNF and the TEMPO-oxidised CNF.
A relatively small number of wider fibrils, with widths within 40-90 nm, can be seen from the MCNF width distribution. These larger fibrils are only 5% of the measured fibrils and can still be regarded as nanofibrils, since they are within the 100 nm limit for nanomaterials (Klaessig et al. 2011) . The presence of few larger fibrils is not uncommon for CNFs which do not have any surface electrostatic repulsive force to counter the effect of hydrogen bonding and hydrophobic forces (Sacui et al. 2014; Taheri and Samyn 2016) . Therefore CNFs from enzymatic pre-treatments (Sacui et al. 2014 ) and mechanical processes (Taheri and Samyn 2016) often possess larger fibrils and flocs which are surrounded by large amounts cellulose nanofibrils. TEM images of the CNFs are shown in Fig. 6 alongside their fibril width distribution. The trend in the size of fibril widths observed from FE-SEM images can also be seen with the TEM images of the pre-treated CNFs. The MCNF, CMCNF and TCNF material had a respective fibril width of 8 ± 4 nm, 6 ± 2 nm and 5 ± 2 nm. These values are within the TEM values of 5-15 nm reported for carboxymethylated CNF (Wågberg et al. 2008 ) and the 3 to 5 nm widths reported for TEMPO-oxidised CNFs (Isogai et al. 2011) . For all the CNFs, the fibril widths from TEM images are lower than those obtained from FE-SEM images. This is because of the lower resolution of FE-SEM images compared to those from TEM. The highly resolved TEM images are capable of distinguishing elemental fibrils from bundles of fibrils, hence the lower value obtained (Dufresne 2012; Wang et al. 2012) .
The overall morphologies of the CNFs studied herein are those of an entangled and networked structure, even at the low concentration of CNFs used in the sample preparation for both the FE-SEM and TEM studies. Therefore, the measurement of fibril lengths from the microscopic images of these samples could not be carried out.
Aspect ratio determination from sedimentation
The use of sedimentation for aspect ratio estimation has been applied on uncharged and unmodified CNFs (Raj et al. 2016; Varanasi et al. 2013; Zhang et al. 2012) . It was suggested as a facile method for the quality control of CNF materials during processing (Raj et al. 2016 ). This method was herein adapted for electrostatically stabilised CMCNF and TCNF to estimate their aspect ratios. On increasing the ionic strength of a medium, its Debye length, which is the distance at which the surface potential decreases by 1/eth of its value, would be decreased. This would lead to a dampening or screening of the charges on the particles in the medium, giving rise to particle aggregation. The aggregation and subsequent sedimentation of the ionically stabilised CMCNF and TCNF was made possible after screening the CNFs in 2 and 3 M sodium chloride respectively (see Fig. 7 for photographic images of sedimentation). The plots of initial concentration of the CNFs in wt% as a function of the relative sediment height (h s / h 0 ) in water/salt media are shown in Fig. 8 . The linear component of this fit, which is equivalent to the connectivity threshold was inputted into the crowding number and effective medium equations (Eqs. 5, 6) to calculate the aspect ratios of the CNFs shown in Table 2 . It can be seen from Table 2 that MCNF had a lower estimated aspect ratio than CMCNF, with TCNF having the highest estimated aspect ratio.
Before a logical conclusion can be drawn, it is necessary to point out the polydispersity of MCNF fibril width as shown in Figs. 5 and 6 and its possible effect on sedimentation. Since this method involved the settling of fibrils in a suspension under gravity, it is expected that suspensions with larger/flocculated fibrils, will settle at a faster rate than the individual nanofibrils (differential sedimentation) (Gregory 2013) . These flocs can potentially also drag with them the thin interconnected nanofibrils, leading to a lower relative sediment height (higher connectivity threshold) at the concentrations examined; hence the lower aspect ratio observed for the morpholine pre-treated CNF. On the other hand, the CMCNF and TCNF materials which do not possess larger fibrils, based on the FE-SEM and TEM width distribution, would settle at a uniform rate. Therefore, differential sedimentation would not be an issue for these materials, thereby giving their true aspect ratios. The estimated CNT aspect ratio is higher than EMT aspect ratio only when the connectivity threshold in volume fraction is greater than 2.45 9 10 -4 . Thus, the CNT aspect ratio is higher than EMT aspect ratio for MCNF and CMCNF, but lower for TCNF. The estimated aspect ratio of MCNF was 33% higher than the aspect ratio of unmodified filtered cellulose nanofibril reported by Varanasi et al. (2013) , using the same sedimentation approach. The aspect ratio of the TEMPO-oxidised CNF reported in this study falls within the range of 310-623 reported for those measured from shear viscosity length measurements (Tanaka et al. 2014) . 
Rheological analysis
The overlay of the amplitude sweeps obtained from all the pre-treated cellulose nanofibrils at 1 wt% aqueous suspension is shown in Fig. 9 . All the pre-treated CNFs showed higher G 0 (the elastic component at any frequency) than G 00 (the viscous component at any frequency). The value of G 0 within the LVR and the critical strain was lower for the MCNF than for the CMCNF and TCNF as displayed in Table 3 . This behaviour is expected as the viscoelastic properties of the morpholine pre-treated sample is governed by the physical entanglements and the presence of network of fibrils, brought about by the Van der Waals forces acting on the fibrils, rather than electrostatic repulsive forces. The viscoelastic properties of the CMCNF and TCNF are however controlled by the presence of electrostatic repulsive forces on the surface of the fibrils, physical entanglements and Van der Waals forces (Lasseuguette et al. 2007; Lindström 2017; Naderi et al. 2014) . These are coupled with the lower rigidity threshold (wt%) of the charged CNFs. In theory, the implication would be that while the viscoelastic property of MCNF was measured at 1.8 times its rigidity threshold, that of CMCNF and TCNF were respectively measured at 3.8 and 12.5 times their rigidity thresholds.
The trend observed from the amplitude sweep was also seen in the frequency sweep, with the morpholine pre-treated CNF having a lower G 0 value compared to the charged CNFs as shown in Fig. 10 . The storage moduli were relatively independent of angular frequency for all the pre-treated CNFs. Also, the loss value (tan d = G 00 /G 0 ) of all the pre-treated CNFs, as shown in Table 3 , is much less than 1. These results confirm the predominantly elastic nature of the aqueous CNF suspensions (d B 10°), since purely elastic materials are expected to be independent of frequency (Pääkkö et al. 2007 ). Fig. 9 An overlay of amplitude sweeps from all the pre-treated CNFs 
Conclusions
The properties of CNF materials obtained from morpholine pre-treatment have been investigated and compared with the properties of CNFs made from carboxymethylation and TEMPO-oxidation pre-treatments, under the same mechanical processing conditions. Initial swelling of cellulose in various concentrations of morpholine revealed that there is a synergism between morpholine and water, which enhanced the swelling of cellulose. The maximal swelling occurred around the maximum density of the swelling agent, which in turn led to enhanced fibrillation and reduced energy consumption, based on hydrodynamic considerations. Surface chemistry analyses, crystallinity and thermogravimetric measurements indicated that morpholine pre-treatment did not modify the surface of cellulose, in contrast to the carboxymethylation and TEMPO-oxidation processes which attached anionic groups to the cellulose surface. The fibril widths of the MCNFs are broadly similar to those of the CMCNF and TCNF, while the lower estimated aspect ratio of the MCNFs compared to CMCNF and TCNF can be attributed to the possible differential sedimentation of fibrils due to the presence of few larger fibrils. The presence of electrostatic repulsive forces and lower rigidity threshold of the CMCNF and TCNF also resulted in higher viscoelastic moduli (G 0 ) and critical strains compared to MCNF whose viscoelastic behaviour arises from the network entanglements. It has also been demonstrated that the morpholine pre-treatment method uses only one chemical which can be recovered and re-used, compared to the other pre-treatment processes used in this study which make use of greater amounts of chemicals with low potential for recycling. The unmodified MCNF having maintained its crystallinity and thermal stability can find application as polymer reinforcements, as starting materials for acetylation, silylation, and acylation reactions to impart hydrophobic properties, and as structuring materials/rheology modifiers.
